Introduction
The abnormal involuntary movements (AIMs), or dyskinesia, that develop in response to prolonged administration of L-3,4-dihydroxyphenylalanine (L-DOPA) represent one of the major challenges to the existing therapy for Parkinson's disease. These severe motor side effects have been associated with changes affecting dopaminergic and glutamatergic transmission in the medium spiny neurons of the striatum (Brotchie et al., 2005) . Studies performed in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned monkeys show that L-DOPA-induced dyskinesia (LID) appears concomitantly with augmented coupling of striatal dopamine D 1 receptors to G-protein (Aubert et al., 2005) .
In addition, it has been reported that the striata of dopaminedepleted rats or parkinsonian patients contain higher levels of G olf and that this leads to an enhancement of dopaminestimulated cAMP production (Corvol et al., 2004) .
The occurrence of exaggerated dopamine D 1 receptor transmission in LID is reflected in an altered state of phosphorylation of the dopamine-and cAMP-dependent phosphoprotein of 32 kDa (DARPP-32), which is selectively expressed in medium spiny neurons. Activation of dopamine D 1 receptors increases cAMP production via G olf -mediated stimulation of adenylyl cyclase (Zhuang et al., 2000; Corvol et al., 2001) . This leads to enhanced phosphorylation of DARPP-32 at Thr34, a site specifically regulated by cAMP-dependent protein kinase (PKA) (Nishi et al., 1997; Svenningsson et al., 2000) . Thus, abnormally high levels of phospho-Thr34 -DARPP-32 have been found in the striata of dyskinetic rats (Picconi et al., 2003) .
PKA-catalyzed phosphorylation at Thr34 converts DARPP-32 into an inhibitor of protein phosphatase-1 (PP-1) (Hemmings et al., 1984) , thereby suppressing dephosphorylation of downstream target proteins involved in the control of the activity of striatal medium spiny neurons. In this way, the cAMP/PKA/ DARPP-32/PP-1 cascade represents an important mechanism of amplification able to intensify behavioral responses produced by activation of dopamine D 1 receptors (Fienberg et al., 1998) .
Recent work has demonstrated the importance of phosphoThr34 -DARPP-32 in the regulation of extracellular signalregulated kinases 1 and 2 (ERK1/2) , two mitogen-activated kinases involved in neuronal transmission and synaptic plasticity (Sweatt, 2004; Thomas and Huganir, 2004) . In particular, it has been proposed that phospho-Thr34 -DARPP-32 acts by promoting phosphorylation of ERK, via activation of the mitogen-activated protein kinase/ERK kinase (MEK), and by inhibiting ERK dephosphorylation, via inhibition of the striatal-enriched phosphatase STEP . DARPP-32-dependent phosphorylation of ERK1/2 has been shown to participate in the development of psychomotor sensitization induced by dopaminomimetic drugs, such as cocaine and amphetamine . The possibility of an involvement of ERK in L-DOPA-mediated motor disturbances is suggested by recent studies showing that, in 6-hydroxydopamine-lesioned mice, chronic administration of L-DOPA is accompanied by enhanced levels of phosphorylated ERK (Pavon et al., 2006) .
Despite these various studies, evidence in support of the participation of the cAMP/PKA/DARPP-32 and ERK1/2 pathways in the generation of LID is still lacking. In this study, we made use of a mouse model of LID (Lundblad et al., 2004; Lundblad et al., 2005) to demonstrate that dysregulation of cAMP/PKA/ DARPP-32 signaling mediates the increase in phosphorylation of ERK1/2 associated with AIMs and that genetic or pharmacological attenuation of cAMP/PKA/DARPP-32 and/or ERK signaling counteracts dyskinesia.
Materials and Methods
Animals. Male C57BL/6 mice (30 g) were purchased from Charles River Laboratories (Sulzfeld, Germany). Male wild-type and DARPP-32 knock-out mice (Fienberg et al., 1998) were generated from the offspring of DARPP-32 ϩ/ϩ ϫ DARPP-32 ϩ/ϩ and DARPP-32 Ϫ/Ϫ ϫ DARPP-32 Ϫ/Ϫ mating pairs, which were backcrossed for at least 20 generations on a C57BL/6 background. DARPP-32 ϩ/ϩ ϫ DARPP-32 ϩ/ϩ and DARPP-32 Ϫ/Ϫ ϫ DARPP-32 Ϫ/Ϫ mating was performed separately for no more than two generations. All of the studies were performed in accordance with the Swedish Animal Welfare Agency.
Drugs. All drugs were injected intraperitoneally in a volume of 10 ml/kg of body weight. L-DOPA (methyl-L-DOPA hydrochloride; 20 mg/ kg) and the peripheral DOPA decarboxylase inhibitor benserazide hydrochloride (12 mg/kg) (Sigma, Stockholm, Sweden) were dissolved in physiological saline immediately before use. SL327 (␣-[amino[(4-aminophenyl) thio]methylene]-2-(trifluoromethyl)benzeneacetonitrile) (75 mg/kg), a gift from Dr. Edilio Borroni (Hoffmann-La Roche, Basel, Switzerland), was suspended by sonication in a solution of 5% Tween 80 in saline and administered 45 min before injection of L-DOPA. When mice were not treated with drugs, they received equivalent volumes of vehicles.
6-OHDA lesion. Mice were anesthetized with a mixture of fentanyl citrate (0.315 mg/ml), fluanisone (10 mg/ml) (VetaPharma, Leeds, UK), midazolam (5 mg/ml) (Hameln Pharmaceuticals, Gloucester, UK), and water (1:1:2; in a volume of 2.7 ml/kg) and mounted in a stereotactic frame (David Kopf Instruments, Tujunga, CA) equipped with a mouseadaptor. 6-OHDA-HCl (Sigma) was dissolved in 0.02% ascorbic acid in saline at the concentration of 3.0 g of freebase 6-OHDA/l. Mice received unilateral injections (2 ϫ 2 l) of vehicle or 6-OHDA into the right striatum at the following coordinates according to the mouse brain atlas (Paxinos and Watson, 1982) : anteroposterior ϩ1.0 mm, mediolateral Ϫ2.1 mm, dorsoventral Ϫ3.2 mm; and anteroposterior ϩ0.3 mm, mediolateral Ϫ2.3 mm, dorsoventral Ϫ3.2. Each injection was performed at a rate of 0.5 l/min using a glass capillary with an outer diameter of ϳ50 m attached to a 10 l Hamilton syringe. After the injection, the capillary was left in place for an additional 3 min before slowly retracting it (Lundblad et al., 2005) . Mice were allowed to recover for 4 weeks, before behavioral evaluation and drug treatment. Lesions were assessed at the end of the experiments by determining the striatal levels of tyrosine hydroxylase (TH) using Western blotting (see below).
Cylinder test. The cylinder test (Schallert and Tillerson, 2000) was used to monitor the anti-akinetic effect of L-DOPA. Mice were placed in individual glass cylinders (diameter, 12 cm) and were recorded for 5 min. Each 6-OHDA-lesioned mouse was tested before the beginning of L-DOPA therapy and 1 h after the first injection of L-DOPA plus benserazide. Sham-lesioned mice were used as control. The number of wall contacts with the right and the left forelimb were counted by an observer blind to mouse genotype and drug treatment. To discriminate between accidental touches and meaningful physiological movements, only wall contacts where the animal supported its body weight on the paw with extended digits were counted. The use of the impaired (left) forelimb was expressed as a percentage of the total number of supporting wall contacts.
Turning behavior. 6-OHDA-lesioned mice were treated with L-DOPA (20 mg/kg) plus benserazide (12 mg/kg) or with a combination of these drugs plus SL327 (75 mg/kg). The animals were immediately placed in individual glass cylinders (diameter of 12 cm), and their motor activity was recorded over 1 h. The number of ipsilateral and contralateral rotations was determined by an observer blind to mouse treatment.
AIMs. 6-OHDA-lesioned wild-type and DARPP-32 knock-out mice were treated for 10 d with one injection per day of L-DOPA (20 mg/kg) plus benserazide (12 mg/kg). The effect of SL327 was examined by treating 6-OHDA-lesioned mice for 9 d with L-DOPA/benserazide plus SL327 and, on day 10, by administering L-DOPA alone or in combination with SL327. AIMs were assessed after the last injection of L-DOPA (day 10) by an observer blind to mouse genotype and treatment, using a previously established and validated mouse model of LID (Lundblad et al., 2004; Lundblad et al., 2005) . Twenty minutes after L-DOPA administration, mice were placed in separate cages and individual dyskinetic behaviors were assessed for 1 min (monitoring period) every 20 min, over a period of 140 min. Purposeless movements, clearly distinguished from natural stereotyped behaviors (i.e., grooming, sniffing, rearing, and gnawing), were classified into four different subtypes: locomotive AIMs (tight contralateral turns), axial AIMs (contralateral dystonic posture of the neck and upper body toward the side contralateral to the lesion), limb AIMs (jerky and fluttering movements of the limb contralateral to the side of the lesion), and orolingual AIMs (vacuous jaw movements and tongue protrusions). Each subtype was scored on a severity scale from 0 to 4: 0, absent; 1, occasional; 2, frequent; 3, continuous; 4, continuous and not interruptible by outer stimuli.
Western blotting. Twenty-four hours after AIM assessment, the mice were treated with various combinations of vehicle, L-DOPA/benserazide, and SL327, as described and killed by decapitation 30 min later. The heads of the animals were immediately immersed in liquid nitrogen for 6 s. The brains were then removed and the striata were dissected out within 20 s on an ice-cold surface, sonicated in 750 l of 1% SDS, and boiled for 10 min. The effectiveness of this extraction procedure in preventing protein phosphorylation and dephosphorylation, hence ensuring that the level of phosphoproteins measured ex vivo reflects the in vivo situation, has been tested previously (Svenningsson et al., 2000) . Aliquots (5 l) of the homogenate were used for protein determination using a BCA assay kit (Pierce Europe, Oud Beijerland, The Netherlands). Equal amounts of protein (30 g) for each sample were loaded onto 10% polyacrylamide gels. Proteins were separated by SDS-PAGE and transferred overnight to polyvinylidene difluoride membranes (GE Healthcare, Little Chalfont, UK) (Towbin et al., 1979) . The membranes were immunoblotted using phospho-Ser845-glutamate AMPA receptor subunit 1 (GluR1), phospho-Ser831-GluR1 (Upstate Biotechnology, Lake Placid, NY), phospho-Thr202/Tyr204 -ERK1/2 (Cell Signaling Technology, Beverly, MA), and phospho-Thr34 -DARPP-32 (Snyder et al., 1992) antibodies. Antibodies against GluR1 (Upstate Biotechnology), ERK1/2 (Cell Signaling Technology), and DARPP-32 (Hemmings and Greengard, 1986 ) that are not phosphorylation state specific were used to estimate the total amount of proteins. Antibody against TH (Chemicon, Temecula, CA) was used to assess the severity of the 6-OHDA lesions. Detection was based on fluorescent secondary antibody binding detected and quantitated using a LI-COR (Lincoln, NE) Odyssey infrared fluorescent detection system. The levels of each phosphoprotein were normalized for the amount of the corresponding total protein detected in the sample.
Tissue preparation and immunofluorescence staining. Twenty-four hours after AIM assessment, the mice were treated with various combinations of vehicle, L-DOPA/benserazide, and SL327, as described. Thirty minutes after drug administration, the animals were rapidly anesthetized with pentobarbital (30 mg/kg, i.p.; Sanofi-Aventis, Paris, France) and perfused transcardially with a fixative solution containing 4% paraformaldehyde (wt/vol) in PBS, pH 7.5. Brains were postfixed overnight in the same solution and stored at 4°C. Sections (30-m-thick) were cut with a vibratome (Leica, Nussloch, Germany) and kept at Ϫ20°C in a solution containing 30% ethylene glycol (vol/vol), 30% glycerol (vol/ vol), and 0.1 M phosphate buffer. For detection of phosphorylated proteins, 50 mM NaF was included in all buffers and incubation solutions, as described previously . Immunolabeling was performed as described previously , using Alexa 488-or cyanine 3-coupled secondary antibodies (Invitrogen, Leiden, The Netherlands). Sections were mounted in Vectashield with 4Ј,6Ј-diamidino-2-phenylindole counterstain (Vector Laboratories, Paris, France). Active ERK was detected with rabbit polyclonal antibodies against diphospho-ERK1/2 (1:400; Cell Signaling Technology) or, when necessary for double-labeling, with monoclonal anti-phospho-ERK1/2 (1:200; Sigma). The other antibodies were rabbit polyclonal antibodies against the following: phospho-Thr581-mitogen-and stress-activated kinase-1 (MSK-1) (1:750; Cell Signaling Technology), phospho-Ser10 -histone H3 (1:1000), phospho-Ser10 -acetylLys14 histone H3 (1:500; Upstate Biotechnology), c-Fos (1:1000; Sc52; Santa Cruz Biotechnology, Santa Cruz, CA), and a mouse monoclonal antibody against DARPP-32 (1: 2000) (Snyder et al., 1992) . Images were captured using sequential laser scanning confocal microscopy (SP2; Leica) and analyzed using MetaMorph software (Universal Imaging, Downingtown, PA). Quantification was performed by counting the number of cells with nuclear fluorescence above background using a MetaMorph analyzer, in two brain sections per animal in the dorsal striatum.
Statistics. Biochemical data were analyzed using one-way or two-way ANOVA, in which treatment and genotype were the independent variables, followed by Bonferroni-Dunn post hoc test, for specific comparisons. Correlations between variables were estimated using simple regression analysis. Percentages of wall contacts performed with the left forepaw in the cylinder test were compared using one-way ANOVA, in which treatment was the independent variable. AIM scores were compared using repeated-measure ANOVA, in which genotype or treatment and time were the independent variables. Comparisons between sums of total AIMs in low dyskinetic and high dyskinetic mice were performed using Student's t test.
Results
Effects of acute and repeated administration of L-DOPA in 6-OHDA-lesioned mice Injection of 6-OHDA in the striata of C57BL/6 mice reduced TH immunoreactivity to 9.5 Ϯ 1.1% of control sham-lesioned animals. Four weeks after surgery, sham-and 6-OHDA-lesioned mice were examined in the cylinder test to estimate the degree of motor impairment produced by dopamine denervation. Shamlesioned animals showed similar usage of left and right forelimb in wall contacts. In contrast, mice injected with 6-OHDA displayed a dramatic reduction in the use of the left forelimb, i.e., the forelimb contralateral to the side of the 6-OHDA lesion. Administration of L-DOPA (20 mg/kg in combination with 12 mg/kg benserazide) produced a complete recovery in the use of the left forelimb (Fig. 1a) . Mice were then treated daily with L-DOPA (20 mg/kg) plus benserazide (12 mg/kg), and AIMs were determined 10 d later. The duration of drug administration was based on previous studies showing that, in the mouse, AIMs are maximally expressed during the second week of L-DOPA treatment (Lundblad et al., 2005) . The time course of locomotive, axial, limb, and orolingual AIMs was determined immediately after administration of L-DOPA. AIMs were maximal at 20 min after L-DOPA administration, declined after 80 min, and disappeared after 140 min (Fig. 1b) . All individual AIMs developed with an identical time course (data not shown). In general, mice displayed a wide range of AIM severity, with only few animals being completely nondyskinetic. This is most likely attributable to the fact that this study was limited to mice with a severe reduction of striatal TH (see below). In parkinsonian patients, progressive depletion of striatal dopamine is generally regarded as an important factor contributing to the development of LID (Obeso et al., 2000) . For this reason, only mice with a decrease in striatal TH immunoreactivity Ն80% were included in the study. In these animals, we did not observe any correlation between reduction of TH and severity of AIMs (Fig. 1c) . Thus, changes in signaling later identified in the study could be unequivocally associated with the degree of dyskinetic behavior rather than with the extent of dopamine denervation.
Increased phosphorylation of DARPP-32 at Thr34 and GluR1 AMPA receptor at Ser845 are associated with LID An association between increased phosphorylation of DARPP-32 at Thr34 and dyskinesia has been established using a rat model of LID (Picconi et al., 2003) . We therefore examined whether a similar abnormal phosphorylation of DARPP-32 also occurred in dyskinetic mice. Lesion with 6-OHDA per se did not alter the state of phosphorylation of DARPP-32 at Thr34, nor did it affect the state of phosphorylation of another PKA target, the GluR1 subunit of the glutamate AMPA receptor (data not shown). Similarly, administration of L-DOPA to sham-lesioned mice did not change the state of phosphorylation of DARPP-32 or GluR1 (Fig.  2a,c) . In contrast, acute administration of L-DOPA (20 mg/kg) to 6-OHDA-lesioned mice resulted in a dramatic increase in the state of phosphorylation of DARPP-32 at Thr34 (Fig. 2a) and of GluR1 at the PKA site Ser845 (Roche et al., 1996) (Fig. 2c) . These results indicate that dopamine depletion is accompanied by a considerable increase in dopamine D 1 receptor responsiveness at the postsynaptic level. This sensitized response appears to involve specifically PKA-mediated signaling, as suggested by unaltered phosphorylation of GluR1 at Ser831, a calcium/calmodulin protein kinase II and protein kinase C site (Roche et al., 1996; Mammen et al., 1997 ) (data not shown). Repeated administration of L-DOPA (20 mg/kg for 10 d) to 6-OHDA-lesioned mice resulted in an overall attenuation of the ability of this drug to increase PKA-mediated phosphorylation of DARPP-32 and GluR1 (Fig.  2a,c) . However, when mice chronically treated with L-DOPA were divided into low and highly dyskinetic according to their AIM score, we found significantly higher levels of phospho-DARPP-32 and phospho-GluR1 in the highly dyskinetic group (Fig. 2a,c) . In line with these findings, simple regression analysis revealed the existence of a correlation between severity of AIMs and levels of phosphorylated DARPP-32 (Fig. 2b) and GluR1 (Fig. 2d) . Total levels of DARPP-32 and GluR1 were unaffected by 6-OHDA lesion and/or treatment with L-DOPA (data not shown).
LID is associated with hyperphosphorylation of ERK1/2
Phospho-Thr34 -DARPP-32 has been shown to promote ERK phosphorylation . Moreover, in 6-OHDAlesioned mice, chronic treatment with L-DOPA results in elevated ERK phosphorylation (Pavon et al., 2006) . We therefore examined the possibility that changes in phosphorylation of ERK1/2 were associated with AIM severity. L-DOPA did not affect ERK1/2 phosphorylation in naive mice but produced a large increase in phospho-ERK1/2 when given to 6-OHDA-lesioned mice (Fig. 3a,c,e) . This effect was attenuated after repeated administration of L-DOPA but remained more pronounced in highly dyskinetic mice compared with low dyskinetic mice (Fig.  3a,c,e) . Simple regression analysis revealed a significant correla- tion between increased ERK1/2 phosphorylation and AIM score (Fig. 3b,d ). Immunohistochemical analysis supported these results ( Fig. 3f-h) . A significant correlation was found between the number of phospho-ERK-immunopositive neurons and AIMs (r ϭ 0.893; p Ͻ 0.01). Phospho-ERK immunoreactivity was colocalized with DARPP-32 immunoreactivity, confirming that abnormal regulation of ERK occurs at the level of medium spiny neurons (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Total levels of ERK1/2 were unaffected by 6-OHDA lesion and/or treatment with L-DOPA (data not shown).
LID is attenuated in DARPP-32-null mice
Based on the positive correlation between phosphorylation of DARPP-32 and AIMs, we proceeded to examine the possible involvement of DARPP-32 in LID. DARPP-32 knock-out and wildtype mice received unilateral injections of 6-OHDA. Overall, we observed, in the two genotypes, a comparable degree of dopamine denervation (TH immunoreactivity was decreased to 12.9 Ϯ 1.4 and 13.6 Ϯ 0.9% of control in wild-type and DARPP-32 knock-out mice, respectively) and motor impairment (percentage use of left forelimb was decreased to 22.5 Ϯ 1.7 and 23.2 Ϯ 1.0% of total wall contacts in wild-type and DARPP-32 knock-out mice, respectively). Administration of L-DOPA (20 mg/kg in combination with 12 mg/kg benserazide) produced a complete recovery in the use of the left forelimb. No difference in the efficacy of L-DOPA was observed between wild-type and DARPP-32 knock-out mice (percentage use of left forelimb returned to 47.9 Ϯ 1.1 and 46.7 Ϯ 0.6% of total wall contacts in wild-type and DARPP-32 knock-out mice, respectively). Repeated administration of L-DOPA (20 mg/kg daily for 10 d) produced dyskinesia in wild-type and DARPP-32 knock-out mice. However, AIM score was significantly lower in DARPP-32 knock-out mice compared with wild-type mice (Fig. 4a) . This decrease was attributable to a marked reduction of axial, limb, and orolingual AIMs (Fig. 4b) . In contrast, no difference was observed in the ability of the two strains of mice to express locomotive AIMs in response to chronic L-DOPA treatment (Fig. 4c) .
LID-associated phosphorylation of GluR1 and ERK1/2 is attenuated in DARPP-32-null mice
Previous studies have indicated that DARPP-32 is implicated in dopamine D 1 receptor-mediated phosphorylation of GluR1 (Snyder et al., 2000) and ERK1/2 . Therefore, we examined the possible involvement of DARPP-32 in the increase in GluR1 and ERK1/2 phosphorylation produced by L-DOPA in 6-OHDA-lesioned mice. Wild-type and DARPP-32 knock-out mice were lesioned with 6-OHDA and treated for 10 d with 20 mg/kg L-DOPA. The animals were then killed 30 min after the last administration of L-DOPA and the levels of phospho-Ser845-GluR1 and phospho-Thr202/Tyr204 -ERK1/2 were determined in striatal extracts. As shown in Figure 5 , we found that the ability of L-DOPA to increase phosphorylation of GluR1 and ERK1/2 was reduced in DARPP-32-null mice compared with wild-type mice. 
LID is associated with hyperphosphorylation of MSK-1 and histone H3
Activation of ERK results in the sequential phosphorylation of MSK-1 (Deak et al., 1998; Brami-Cherrier et al., 2005) and histone H3 (Soloaga et al., 2003) . This, in turn, leads to changes in chromatin structure and transcriptional regulation (Nowak and Corces, 2004) . We therefore examined whether enhanced phosphorylation of ERK produced by L-DOPA in mice with severe AIMs was paralleled by upregulation of phospho-MSK-1 and phospho-histone H3. Immunohistochemical analysis revealed that the increase in ERK phosphorylation observed in highly dyskinetic mice (compare with Fig. 3 ) was accompanied by a larger number of phospho-MSK-1-positive neurons (Fig. 6) . Simple regression analysis revealed a significant correlation between phospho-MSK-1 and AIM score (Fig. 6h) . Furthermore, we found that phospho-MSK-1 and phospho-ERK immunoreactivities occurred in the same neurons (Fig. 6f ) . Virtually identical results were obtained when phospho-Ser10 -histone H3 immunoreactivity was examined (Fig. 7) . Histone H3 acetylation plays a critical role in gene transcription and has been proposed to act in synergism with phosphorylation (Nowak and Corces, 2004) . We therefore examined phospho-Ser10 -acetylLys14 histone H3 immunoreactivity in the dorsal striata of mice with various degrees of dyskinesia. The results indicated the existence of an association between increased number of phospho-acetylated histone H3-positive cells and AIMs (Fig. 8) . Activation of ERK signaling is linked to increased protein expression. Therefore, we tested whether upregulation of the ERK cascade associated with dyskinesia was accompanied by increased transcriptional activity. Expression of c-Fos was examined in mice with various degrees of dyskinesia. A higher number of c-Fos-positive cells was found in the striata of mice affected by severe AIMs compared with mice with low dyskinesia (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
Blockade of ERK phosphorylation reduces the induction of LID
The Western blotting and immunohistochemical results described above indicate the existence of an association between increased activity along the ERK signaling cascade and intensity of AIMs produced by repeated administration of L-DOPA to 6-OHDA-lesioned mice. To establish a causal relationship between these two phenomena, we examined the effect of pharmacological blockade of ERK phosphorylation achieved with SL327, an inhibitor of MEK, on L-DOPA-induced AIMs. SL327 (75 mg/ kg, i.p.), injected 45 min before administration of L-DOPA, selectively abolished L-DOPA-induced phosphorylation of ERK1/2 (phospho-ERK1 and phospho-ERK2 in L-DOPA-treated mice were reduced to 51 Ϯ 12 and 76 Ϯ 16% of basal levels, respectively), MSK-1 (Fig. 6b) , histone H3 (Fig. 7b) , and acetyl-histone H3 (Fig. 8b) , without affecting DARPP-32 or GluR1 phosphorylation (data not shown; cf. Pozzi et al., 2003) . Blockade of MEK did not affect the motor activating properties of L-DOPA, which were determined by measuring turning behavior (6-OHDAlesioned mice treated with 20 mg/kg L-DOPA alone or in combination with SL327 performed 287 Ϯ 72 and 217 Ϯ 30 contralateral turns per hour, respectively; p ϭ 0.4, Student's t test). Mice lesioned unilaterally with 6-OHDA were treated for 9 d with 20 mg/kg L-DOPA alone or in combination with 75 mg/kg SL327. At the end of this period, mice received an injection of L-DOPA alone and were scored for AIMs. As shown in Figure 9 , we found that pretreatment with SL327 produced a dramatic reduction in L-DOPA-induced axial, limb, and orolingual AIMs. We also found that combined administration of L-DOPA plus SL327 on day 10 did not produce any additional decrease in LID.
Discussion
The main conclusion of this study is that enhanced cAMP/PKA/ DARPP-32 and ERK signaling in the medium spiny neurons of the dorsal striatum is involved in the generation of LID. We also provide evidence demonstrating that dysregulation of these two intracellular pathways is linked and that increased activity along the ERK cascade observed in dyskinesia depends on concomitant enhancement of cAMP/PKA/DARPP-32 signaling (Fig. 10) .
Administration of L-DOPA to naive mice does not affect the state of phosphorylation of DARPP-32 and GluR1. In contrast, after dopamine denervation, L-DOPA produces large increases in both phospho-Thr34 -DARPP-32 and phospho-Ser845-GluR1. These changes in responsiveness are most likely attributable to enhanced sensitivity of dopamine D 1 receptors. Increased expression of G olf -protein, suggesting augmented dopamine D 1 receptor-mediated transmission, has been described in the striata of 6-OHDA-lesioned rats and in postmortem samples from parkinsonian patients (Corvol et al., 2004) and was also observed in our study (data not shown). Furthermore, enhanced D 1 receptor-G-protein coupling has been reported in the striata of MPTP-lesioned dyskinetic monkeys (Aubert et al., 2005) . Because G olf -protein is coupled to stimulation of cAMP signaling, it is conceivable that increased G olf expression/coupling is responsible for the PKA-dependent hyperphosphorylation of DARPP-32 and GluR1 reported here in hemiparkinsonian mice.
It has been shown that striatal dopamine depletion confers to a dopamine D 1 receptor agonist the ability to stimulate ERK phosphorylation (Gerfen et al., 2002; Kim et al., 2006) . In line with this evidence, we found that administration of L-DOPA increases ERK1/2 phosphorylation in 6-OHDA-lesioned but not in naive mice. Recent work has shown that activation of the cAMP/ DARPP-32 cascade mediates the ability of cocaine and amphetamine (two drugs that promote dopamine release) to stimulate ERK phosphorylation . The present study reveals the existence of a similar interaction between cAMP and ERK signaling with respect to the action of L-DOPA in the dopamine-denervated striatum. Thus, the increase in ERK1/2 phosphorylation produced by L-DOPA in 6-OHDA-lesioned mice is reduced in the absence of DARPP-32. It therefore appears that sensitized ERK signaling produced by dopamine depletion is, at least in part, dependent on abnormal activation of the cAMP/DARPP-32 pathway.
Prolonged administration of L-DOPA to 6-OHDA-lesioned mice leads to an overall reduction in the ability of this drug to activate cAMP and ERK signaling. A similar adaptive response, affecting dopamine D 1 receptor-mediated phosphorylation of ERK, has been described recently in dopamine-depleted mice subjected to repeated injections of L-DOPA (Kim et al., 2006) . In the present study, however, we show that the decline in the ability of L-DOPA to promote cAMP/PKA/ DARPP-32 and ERK signaling occurs specifically in mice with low dyskinesia. In contrast, in animals affected by severe LID, the sensitized response to L-DOPA is essentially preserved. These results suggest that dyskinesia is caused by persistent upregulation of cAMP/PKA/DARPP-32 and ERK signaling, starting from the beginning of L-DOPA administration.
One important finding of this study is that the AIMs generated by repeated administration of L-DOPA are reduced in DARPP-32-deficient mice. This reduction appears to affect specifically axial, limb, and orolingual AIMs, whereas locomotive AIMs are virtually unaffected. In this regard, it should be mentioned that axial, limb, and orolingual AIMs are generally regarded as a more predictive marker of LID, because they are associated with molecular changes occurring in the dorsolateral portion of the striatal formation, which is specifically innervated by nigrostriatal fibers (Andersson et al., 1999) .
Phosphorylation of Thr34 significantly correlates with the degree of dyskinesia and mediates the increases in GluR1 and ERK phosphorylation associated with LID. Thus, in the dopaminedenervated striatum, phospho-Thr34 -DARPP-32 acts as an important mechanism able to exacerbate enhanced cAMP and ERK signaling in response to L-DOPA administration. The lack of such DARPP-32-mediated amplification may therefore result in a partial normalization of cAMP/PKA and ERK signaling, ultimately leading to the attenuation of the dyskinetic response.
The reduction of LID observed in DARPP-32-null mice may be in part attributable to reduced phosphorylation of GluR1 receptors. Previous studies have demonstrated the ability of DARPP-32 to intensify PKA-dependent phosphorylation of GluR1 via inhibition of PP-1-mediated dephosphorylation (Snyder et al., 2000; Håkansson et al., 2006) . It is generally assumed that phosphorylation at Ser845 promotes glutamate AMPA receptor transmission by increasing open AMPA channel probability (Banke et al., 2000) and surface expression (Mangiavacchi and Wolf, 2004) . Augmented AMPA receptor transmission may be involved in dyskinesia, as suggested by the ability of an AMPA receptor agonist to increase LID in the MPTP-lesioned primate model (Konitsiotis et al., 2000) . Moreover, blockade of AMPA receptors results in a significant attenuation of LID (Konitsiotis et al., 2000) . The blunted dyskinetic response observed in DARPP-32 knock-out mice may therefore be attributable, at least in part, to decreased phosphorylation and consequent reduced activation of GluR1 AMPA receptors.
It has been shown that long-term depression is accompanied by a rapid decrease in the number of AMPA receptors clustered at the synapse (Carroll et al., 1999) . This effect may be opposed by phosphorylation of GluR1 at Ser845, which increases surface expression of AMPA receptors (Mangiavacchi and Wolf, 2004) . Through this mechanism, the high levels of phospho-Ser845-GluR1 detected in the striata of dyskinetic mice may explain previous data showing that LID is accompanied by the inability of Figure 8 . Phosphorylation of acetyl-histone H3 is associated with LID. a-d, Immunocytochemical detection of phospho-Ser10 -acetylLys14 histone H3 (P-AcH3) in sham-lesioned mouse treated with vehicle (a; SHAM), 6-OHDA-lesioned mouse treated with L-DOPA (20 mg/ kg) in combination with SL327 (75 mg/kg) (b; SL327), 6-OHDA-lesioned mouse with low dyskinesia (c; L Dys), and 6-OHDA-lesioned mouse with high dyskinesia (d; H Dys). Note the abolishment of phospho-Ser10 -acetylLys14 histone H3 immunoreactivity in b compared with c and d. e, Phospho-Thr202/Tyr204 -ERK (P-ERK) immunoreactivity in the dorsal striatum of a mouse with high dyskinesia. f, Double immunolabeling showing colocalization between Phospho-Thr202/Tyr204 -ERK and phospho-Ser10 -acetylLys14 histone H3 in a mouse with H Dys. g, 6-OHDA-lesioned mice were divided into low dyskinetic (L Dys) and high dyskinetic (H Dys) according to their total AIMs score (see Materials and Methods) using the median value of 29 as cutoff. Histograms show the number of phospho-Ser10 -acetylLys14 histone H3-positive cells in the dorsal striata of sham-lesioned mice (SHAM), mice with low (L Dys) and high (H Dys) dyskinesia, and 6-OHDA-lesioned mice treated with L-DOPA in combination with SL327 (75 mg/kg) (SL327). Data are means Ϯ SEM (n ϭ 3-7). ***p Ͻ 0.001 versus L Dys; one-way ANOVA, followed by Bonferroni-Dunn test. h, Simple regression analysis showing significant correlation (r ϭ 0.835; p Ͻ 0.05) between the number of phospho-Ser10 -acetylLys14 histone H3-positive cells and AIM score. Scale bar: a-f, 40 m. PKA/phospho-Thr34 -DARPP-32-mediated signaling, activation of ERK1/2, increased phosphorylation of MSK-1, and increased phosphorylation of acetylated histone H3 (Fig. 10) . This, in turn, may lead to changes in protein expression and long-term modification of the functional features of striatal medium spiny neurons. The present results also suggest that therapeutic strategies based on attenuation of ERK signaling in the dorsal striatum may represent a novel clinical approach to the prevention of LID.
